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Gamma-ray bursts (GRBs) are intense and short flashes of 𝛾-rays followed by the afterglow, which
is a long lasting multi-wavelength emission. Very-high-energy (VHE, 𝐸 > 100 GeV) photons
have been recently detected from a couple of GRBs during the afterglow. In this contribution,
we numerically investigate the production of VHE photons in GRB afterglows in the context
of a leptonic synchrotron self-Compton model. We study the impact of a mixed accelerated
electron distribution that is composed of non-thermal (power law) and thermal (Maxwell–Jüttner)
components on the gamma-ray afterglow spectra and light curves. When the thermal electron
distribution carries most of the total particle energy, the light curves in specific energy ranges
may deviate from the standard power-law decay, and the 𝛾-ray spectra may show multiple spectral
components attributed to the synchro-Compton process of thermal and non-thermal electrons.
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Afterglow emission from mixed electron distributions

1. Introduction

Gamma-ray bursts (GRBs) are the most luminous explosions in the universe. The prompt GRB
phase, which is characterised by the emission of brief but intense flashes of 𝛾-rays, is followed by
the afterglow, i.e., a long-lasting emission spanning a wide range of energies, from radio waves to
𝛾-rays. While the origin of the prompt emission is still debated, there is a satisfactory explanation
for the production of the bulk of the afterglow radiation. The broadband long-living emission of
GRB afterglows suggests the presence of relativistic particles with extended, power-law like energy
distributions. The part of the afterglow emission detected in the radio, optical, X-rays, and sub-GeV
energy bands is described reasonably well by the synchrotron emission of relativistic electrons
accelerated in a relativistic blast wave (RBW) that propagates in the circumburst medium [12].
Additionally, the same electrons that radiate synchrotron can inverse-Compton scatter synchrotron
photons to higher energies [3, 10]. The interest in the so-called synchrotron self-Compton (SSC)
model for 𝛾-ray production has regained attention after the recent detection of afterglows in TeV
energies by MAGIC and H.E.S.S. [5, 7].

Particle acceleration at relativistic shocks has been extensively studied as a potential mecha-
nism to energise particles into power-law distributions [13]. Particle-in-cell (PIC) simulations of
plasma processes study from first principles the interaction of particles with their own generated
electromagnetic fields. Such simulations show that the majority of the upstream electrons picked
up by the shock isotropise in the downstream region, and thermalise at a characteristic temperature
Θ ∼ Γ/3 (in units of 𝑚e𝑐

2) for electron-positron (𝑒−𝑒+) plasmas, where Γ is the RBW bulk Lorentz
factor. The thermal component can be well described by a relativistic Maxwell–Jüttner distribution.
The non-thermal electron component, carrying a fraction [ of the total available energy, typically
emerges at Lorentz factors a few times larger than Θ, having a power-law distribution. Motivated
by these findings, [4] assumed a mixed thermal and non-thermal electron distribution and studied
the emitted synchrotron spectra and light curves for [ < 1. One of their findings was that the X-ray
afterglow spectra show a characteristic hard −→ soft −→ hard evolution. Recently, [15] studied the
SSC emission from mixed electron distributions, focusing on cases with [ ∼ 1.

In this work we adopt the mixed thermal/power-law electron distribution and numerically
compute multi-wavelength photon spectra and light curves in the context of an SSC model for
0.01 ≤ [ ≤ 1, paying special attention to the GeV-to-TeV emission. We limit our discussions to
a constant-density circumburst medium and a specific set of RBW parameters. A more extensive
study of the parameter space, including a wind-like density profile, will be presented in Florou et
al. (in prep.). We do not account for the existence of a reverse shock, which may contribute to the
early afterglow emission, or the lateral spreading of the ejecta, which may become relevant at late
times. We adopt 𝑧 = 0.4 as a typical redshift for VHE-detected GRB afterglows and use 𝐻0 = 69.32
km Mpc−1 s−1, ΩM = 0.29, ΩΛ = 0.71 [6].

2. Model

We assume a spherical adiabatic RBW with energy 𝐸 that starts propagating from an initial
radius 𝑅in with bulk Lorentz factor Γin ≫ 1 in a circumburst medium of mass density 𝜌ext. The
bulk kinetic energy of the outflow is converted to internal energy, part of which is radiated away by
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relativistic particles. The evolution of the total mass of the RBW 𝑀 and its Lorentz factor Γ with
radius 𝑅 are governed by [2]:

𝑑Γ

𝑑𝑅
= −4𝜋𝑅2𝜌ext(Γ2 − 1)

𝑀
,

𝑑𝑀

𝑑𝑅
= 4𝜋𝑅2𝜌extΓ, (1)

where 𝑅 = 𝑅in + 𝛽Γ𝑐(𝑡 − 𝑡in) and 𝛽Γ ∼ 1 as long as the blast wave remains relativistic. 𝑡 is
measured in the central engine frame and is related to the comoving time 𝑡′ as 𝑡 ∼

∫
𝑑𝑡′/(2Γ).

The time in the observer’s frame is then 𝑡obs = (1 + 𝑧)𝑡. The RBW starts decelerating when the
swept-up mass, 𝑀sw = (4/3)𝜋𝑅3𝜌ext, equals the initial mass 𝑀in = 𝐸/Γin𝑐

2, i.e., Γ ∝ 𝑅−3/2 for
𝑅 >

(
3𝐸/(4𝜋𝜌ext𝑐

2)
)1/3.

We consider the downstream region of the shock as the radiation zone where particles are
injected with a mixed thermal and non-thermal distribution. Electrons pick up a fraction 𝜖e of the
accreted kinetic energy,

𝜖e
𝑑𝐸

𝑑𝑡
= 𝜖e4𝜋𝑅2𝜌ext𝑐

3𝛽ΓΓ(Γ − 1) = 𝑚e𝑐
2𝑉

∫ ∞

1
𝑑𝛾 (𝛾 − 1)𝑄 (inj)

e (𝛾), (2)

where 𝑚e is the electron rest mass, 𝑉 = 4𝜋𝑅2𝑟 is the volume of a spherical shell with comoving
width 𝑟 = 𝑅/Γ, and 𝑄

(inj)
e (𝛾) is the volumetric particle injection rate. A fraction (1− [) of the total

electron luminosity is injected into a Maxwell–Jüttner distribution, while the remaining fraction [

goes into a power-law component with slope 𝑝 starting from 𝛾nth [4]:

𝑄
(inj)
e (𝛾) = 𝑑𝑁e

𝑑𝛾𝑑𝑡𝑑𝑉
=

𝐶

2Θ3


𝛾2𝑒−𝛾/Θ, if 𝛾 ≤ 𝛾nth

𝛾2
nth𝑒

−𝛾nth/Θ
(

𝛾

𝛾nth

)−𝑝

, if 𝛾 > 𝛾nth.

(3)

Here𝐶 is a normalisation constant determined by Eq. 2, Θ ≈ 𝜖e(1−[) (𝑚p/𝑚e) (Γ/3) and 𝛾nth = 3Θ
for [ < 1, or 𝜖e(𝑝 − 2)/(𝑝 − 1) (𝑚p/𝑚e)Γ for a pure power law ([ = 1), with 𝑚p being the proton
rest mass. The power law is terminated at a maximum Lorentz factor that is typically limited by
synchrotron cooling at 𝛾max ≫ 𝛾nth [see, e.g., Eq. (26) in 14]. For simplicity, we adopt a constant
value of 𝛾max = 107.3.

Relativistic electrons that are injected into the downstream region will emit synchrotron radia-
tion in the local magnetic fields. Assuming that the magnetic energy density is a fraction 𝜖B of the
internal energy density in the downstream region, one can derive the magnetic field strength in the
shocked fluid frame:

𝐵 = Γ

√︃
32𝜋𝜖B𝜌ext𝑐2. (4)

3. Numerical Approach

We use a numerical code, similar to the one described in [8], that solves two coupled integro-
differential equations for electrons and photons inside an expanding spherical volume of instanta-
neous radius 𝑟:

𝜕𝑛e
𝜕𝑡

+ 𝑐
3𝑛e
𝑟

= 𝑄e + Le (5)
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𝜕𝑛𝛾

𝜕𝑡
+ 𝑐

3𝑛𝛾
𝑟

+
𝑛𝛾

𝑡𝛾,esc
= 𝑄𝛾 + L𝛾 (6)

The above equations describe the evolution of the electron and photon differential number densities,
𝑛e and 𝑛𝛾 , respectively. We assume that the electrons are confined in the blob (𝑡esc,e → ∞) and only
photons escape on a timescale 𝑡esc,𝛾 = 𝑟/𝑐. The operators for losses (Le,𝛾) and injection (𝑄e,𝛾)
include the following processes: synchrotron radiation, synchrotron self-absorption, IC scattering,
photon-photon pair production and adiabatic losses. All quantities that depend on Γ are updated at
every time step by solving Eq. (1) and evaluating Eq. (2).

4. Results & Conclusions

We investigate the role of the parameter [ in the resulting photon spectra and light curves. We
present results for three indicative values, starting with [ = 1 (i.e., pure power-law injection), and
progressively decreasing the amount of energy injected into the power law, with [ = 0.1 and 0.01.
In all cases, we assume a GRB fireball with total energy 𝐸 = 1053 erg at the onset of the afterglow,
𝑅in = 1013 cm, and Γin = 400. The number density of the circumburst medium is 𝑛 = 1 cm−3. The
power-law slope is fixed to 𝑝 = 2.3 and the energy fractions for the electrons and magnetic field
are 𝜖e = 0.3 and 𝜖B = 0.003, respectively. We end the simulations when the RBW radius becomes
6000 𝑅in.

The resulting broadband photon spectra are depicted in Fig. 1, where we indicate with
colour the temporal evolution. There is a strong dependence of the broadband photon spectra on
[. For instance, for [ = 0.1 one can clearly identify (especially at later times) the synchrotron
components of the thermal and power-law electron distributions as well as the synchro-Compton
component of the thermalised electrons. At any given time, the synchrotron emission of the
power-law electrons bridges the low-energy and high-energy components of the spectrum that are
related to the Maxwellian electron distribution. For [ = 0.01, the overall emission is dominated by
the thermalised electron population, thus resulting in considerably narrower low- and high-energy
spectral components than the typical case of [ = 1.

In the left panel of Fig. 2 we present the keV, GeV, and TeV light curves, computed for [ = 1
and 0.1 (solid and dashed lines, respectively). The X-ray and TeV light curves for [ = 0.1 show
a steepening at a few thousand seconds, when the synchrotron and synchro-Compton peaks of the
thermal electron component cross the respective energy range; this behaviour agrees with the results
of [4] about the synchrotron X-ray afterglow light curves. Another interesting finding is that the
0.1-1 GeV light curves show a shallow decline, which becomes more prominent with the decrease
in [. This shallower flux decay is expected when the 𝐹 (𝜖) ∝ 𝜖1/3 tail of the synchro-Compton
spectrum of the Maxwellian electron distribution crosses the specific energy band. During this time
window the spectrum also hardens [see also 9]. A comparison of the 𝛾-ray spectra for [ = 1 and
0.1 at three indicative times can be seen in the right panel of the same figure. Note the differences
in the spectral slope in the 0.1-1 GeV range between [ = 1 and 0.1 at these three instances.

In general, shock acceleration produces a mixed thermal (Maxwell-Jüttner) and a non-thermal
(power law) electron distribution. The amount of energy carried by the thermal component is
imprinted on the broadband afterglow spectra and narrow-band light curves. For example, when
the thermal electron component carries more than 50% of the total particle energy, a shallow decay
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η=1 η=0.1

0.1-1 GeV0.2-4 TeV0.3-10 keV

η=0.01

Figure 1: Temporal evolution of the afterglow broadband photon spectra for three choices of the energy
fraction injected into the power-law electron distribution, i.e., [ = 1, 0.1, and 0.01. The Extragalactic
Background Light (EBL) absorption is not taken into account.
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Figure 2: Left panel: X-ray, GeV and TeV afterglow light curves computed for [ = 1 (solid lines) and 0.1
(dashed lines). All other parameters are the same as in Fig. 1. The vertical black dashed line corresponds
to the moment the RBW deceleration is initiated. Right panel: Snapshots focusing on the 𝛾-ray part of the
spectrum for [ = 1 (solid lines) and 0.1 (dashed lines) for the times 103, 104, 105 sec which are colour coded.

of the GeV light curves is predicted. This result can be then confronted with light curves of GRBs
detected by Fermi-LAT [1] in order to constrain the thermal electron population in GRB afterglows
(Florou et al. in prep).
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